Solid-explosive plane-wave lenses 1", 2" and 4¼" in diameter have been mass-produced from components pressed-to-shape with aluminum dies. The method used to calculate the contour between the solid plane-wave lens components pressed-to-shape with the dies is explained. The steps taken to press, machine, and assemble the lenses are described. The method of testing the lenses, the results of those tests, and the corrections to the dies are reviewed. The work on the ½", 8", and 12" diameter lenses is also discussed. _____________________________
INTRODUCTION
Most shock and detonation waves used in physics and engineering experiments are unidirectional and planar in order to avoid divergent effects. This is achieved by planar initiation of the explosive that generates the detonation wave. The most practical planar initiators are solid explosive plane-wave lenses because of the quality of their planar simultaneity, and that they can be manufactured in mass and stored for long periods.
CALCULATING THE INTERFACE SURFACES
If an explosive is initiated at a point, the explosive reaction, or detonation, propagates spherically from that point. If a cone of slower detonating explosive is overlaid with a coating of faster detonating explosive so that the detonation down the surface of the cone reaches its base at the same time as the detonation down the axis of the cone, then a planar detonation wave will propagate along that axis. The length of the sides of the cone are proportional to the detonation velocity of the fast-detonating explosive, V f , and the height of the cone is proportional to the detonation velocity of the slow-detonating explosive, V s . This is the basic concept of the solid explosive plane-wave lens.
In Figure 1 , the initiation occurs at the apex. Using cylindrical coordinates, the planar detonation front reaches a depth of Z d for all values of the radius at the same time, t d . The coordinates of the interface between the fast detonating explosive and the slow are Z c (r) and r. Therefore,
Solving for Z c (r),
(2) Figure 1 . The initiation of the plane-wave lens is in the detonator above the explosive. The detonation front reaches Z d by traveling through a fast detonating explosive a distance of (Z c 2 + r 2 ) 1/2 at velocity V f and then by traveling through the slow detonating explosive a distance of (Z d -Z c ) at velocity V s . The total times required to reach Z d for all values of r are the same, t d .
The depth of the interface, Z c (r), is found for all values of r to the maximum r of interest. The depth or thickness of fast-detonating explosive above the slow at the apex is determined by the choices of Z d and t d along the axis. The aspect ratio of lens is determined by V f and V s .
PBX 9501 and TNT are the fast and slow detonating explosives currently used for the manufacture of plane-wave lenses. Because TNT is a single component explosive and the quality control for the production of PBX 9501 is tightly controlled, their detonation velocities depend only on their compacted densities.
V s (TNT) = 1.88 + 3.76ρ mm/µs.
The standard densities for pressed PBX 9501 and TNT are 1.83 g/cm 3 (8.76 mm/µs) and 1.64 g/cm 3 (6.94 mm/µs), respectively. The detonator currently used for plane-wave lens production is the SE-1, or the commercially available RP-1. This detonator has an apparent center-of-initiation 7.2 mm above its face when the detonation wave is measured at some depth in PBX 9501. Because the face of the detonator is usually set 10 mm above the slow detonating component apex on the fast in order to smooth out detonation wave irregularities caused by the detonator, the value of Z c (r = 0) becomes 17.2 mm.
PRESSING, MACHINING, AND ASSEMBLY
The steel-die press cylindrical diameters available are 1", 1⅝", 2", 2½", and 3" (Savage press), and 4¼", 6", 8", 10", and 12" (Accudyne press). We selected the 4¼" diameter for the initial lens. Dies were machined based on the contours calculated using equation 2 above, the components pressed and assembled, and the lens was tested for simultaneity. (PowerPoint presentation, about Sept. 2005 , titled Planarity Measurements of Pressed, High-Explosive Lenses, by Russ Olson, et al.) Based on those results the 4¼" diameter lens dies were corrected and 1", 2", and 4¼" diameter lens dies were machined based on that correction. The tests of the lenses made with these dies and their corrections are now discussed.
The dies consist of convex and concave mandrels machined from 7075 aluminum. The explosive TNT components are pressed using flaked TNT, heated to 65°C, and compacted at 5,000 psi for 5 min., using the concave mandrel. The concave surface is the contour between the faster and slower detonating explosives first calculated and then corrected. The PBX 9501 components were pressed from the stock of PBX 9501 maintained at the Laboratory, heated to 90°C, and compacted twice at 20,000 psi for 5 min. with a brief rest between using the convex mandrel. The concave and convex surfaces have the same contour, line-to-line. Those contours used for the 1", 2" and 4¼" lenses are listed in the "Old" column in the table at the end of this report. The outer conical surface of the PBX 9501 is formed at the same time with a second concave mandrel used with the convex mandrel.
Next, the pressed TNT components' faces are machined flat and perpendicular to their axes using pot chucks machined to match the TNT components contoured surfaces. The components are also machined to specified heights. Those heights are measured and recorded. The next step is to bond the PBX 9501 and TNT components together. The contour surfaces are first cleaned with isopropyl alcohol. The PBX 9501 components are then inverted and set in cardboard tube pedestals. Their concave contoured surfaces are thinly painted with Aralhex adhesive. The TNT components' convex contoured surfaces are inserted into the PBX 9501 components. Padded weights are placed on the TNT faces until the adhesive sets, after 12 hours. The weights used are 250 g, 1 kg, and 4 kg Cu cylinders for the 1", 2", and 4¼" diameter lenses.
The final step is to machine a surface flat-and-parallel to the TNT face 1 cm above the apex of the slow component whose height was recorded. This surface is for mounting a detonator locator using Aralhex adhesive. The locator must be precisely centered on the lenses' axes. Diagrams of the three assembled lenses are attached.
TESTING AND CORRECTING
Lenses are tested at Chamber 8, TA-40, DE-9. The 1", 2" and 4¼" lenses were bonded to plate glass with 3-mil shim stock sandwiched between. The air gap flashes when the detonation wave arrives at the surface of the lens. A set of slits are placed across the image of the explosive lens face and a Cordin camera sweeps that slit image over the recording film at 12 mm/µs. Figures 2, 3, and 4 are the slit images from a 1", 2" and 4¼" lenses. Two lenses of each size were tested and they were reproducible. Group DE-9 normally analyzes the slit images, but at this time they are developing new software and training a new analyzer. While waiting for their analyses, I blew-up the film images with a microfiche printer and read the central lines with an eye-loupe with an internal scale. During the shot setup, no effort was made to place the central slit on the diameter; therefore, the results are not the true maxima.
In Figures 5, 6 , and 7 are plotted the times of arrival of the detonation fronts as a function of the diameter position centered at 55 mm. The initial arrivals are plotted at 50 ns. All three lens sizes were based on the same contour, for the 4¼" lens, therefore, the deviations display the same pattern. The first arrival for all three lens sizes occurs at a radius of about ½" or 12.7 mm. The center of the lens lags behind the first arrival by 40 ns (1"), 37 ns (2"), and 17 ns (4¼"). These data are the deviations from simultaneity, Δt d , as a function of the radius, r, of the lenses.
Differentiating Z c (r) with respect to t d in Equation 2, deviations from the interface that will create a simultaneous detonation wave as a function of the radius can be calculated,
These deviations are now used to adjust the interface for the final lens design. Figures 8, 9 , and 10 show the corrected contours. The corrected contours are listed in the "New" column in the table below.
THE ½", 8", AND 12" DIAMETER LENSES
Dies for a 1" diameter lenses initiated with RP-3 detonators (the P-25B drawings) were also made. The lenses have 2 mm, rather than 10 mm, of PBX 9501 between the detonator platform and the top of the slow component. Lens components made from these dies were pressed and assembled. The detonator locator for the RP-3 was then attached. The lenses were then reduced in height to 0.45" and in diameter to 0.75", producing a ½" diameter lens. This lens is to be test-fired at Chamber 8.
The 8"-diameter dies were used to press PBX 9501 and TNT components. The TNT components cracked parallel to the flat base. The problem appears to be that the pressure used was too high. Before we could press additional components at lower pressure, the HE pressing facility was closed. The new press, the Accudyne, will begin operation in early 2008. Attempts at pressing the 12" components were postponed until successful 8" components were produced.
DRAWINGS
Engineering drawings of the dies, the pot chucks, and the finished lenses, both tested and not yet tested, are appended to this report. 
Old and New Contours of the Dies for the 1", 2" and 4¼" Lenses

